The p r e s e n t study investigated the e n d u r i n g effects of postnatal h a n d l i n g ( a d m i n i s t e r e d d u r i n g the first 21 days of life), a n d e n v i r o n m e n t a l e n r i c h m e n t (for a p e r i o d of 6 m o n t h s starting 3 w e e k s after w e a n i n g ) o n spatial l e a r n i n g in 2 4 -m o n t h -o l d h y p o e m o t i o n a l ( R o m a n high-avoidance, RHA/Verh) a n d h y p e r e m o t i o n a l ( R o m a n low-avoidance, RLANerh) rats. Two g r o u p s of 5 -m o n t h -o l d rats f r o m b o t h lines w e r e also i n c l u d e d in the e x p e r i m e n t as y o u n g controls. The R o m a n lines p e r f o r m e d differently in the Morris water maze: Path l e n g t h s of R L A N e r h rats w e r e s h o r t e r a n d t h e y swam at lower s p e e d t h a n R H A N e r h rats, s h o w i n g quicker and m o r e efficient learning overall. Postnatal h a n d l i n g i m p r o v e d l e a r n i n g m a i n l y in RHA/Verh rats, w h e r e a s e n v i r o n m e n t a l e n r i c h m e n t was able to p r e v e n t the deficits s h o w n by aged controls of b o t h lines. Young, e n r i c h e d , a n d h a n d l e d plus e n r i c h e d animals exhibited better p e r f o r m a n c e t h a n i m p a i r e d aged controls, to the p o i n t that aged e n r i c h e d a n d h a n d l e d plus e n r i c h e d animals did n o t differ f r o m y o u n g controls. Thus, besides indicating that R I~N e r h rats are better learners t h a n R H A N e r h rats in the Morris water maze, this study d e m o n s t r a t e s that e n v i r o n m e n t a l e n r i c h m e n t p r e v e n t s the cognitive loss associated with aging, over the long term. Finally, the positive effects o b t a i n e d with postnatal h a n d l i n g w e r e d e p e n d e n t o n the rat line.
I n t r o d u c t i o n
Early exposure of animals to enriched environment leads to an enhancement of brain growth and increases in the density of neurons and synaptic contacts, as well as the size of neuronal nuclei and the number of dendritic branches (Diamond 1988; Greenough et al. 1990 ). Several behavioral studies have also demonstrated that enriched rats are high explorers and good performers in several labyrinths and conflict tasks (Renner and Rosenzweig 1987; Escorihuela et al. 1994) , two properties that might be related with the modifications induced by early enrichment in neuronal substrates underlying memory and learning (Paylor et al. 1992) or on neuroendocrine factors at the hippocampal level (Olsson et al. 1994) . Nevertheless, there are only a few studies on the effects of environmental enrichment as a procedure for preventing the learning deficits associated with aging (Van Gool et al. 1985) .
On the other hand, neonatal handling during the first 21 days of life has been shown to reduce emotional reactivity as measured by defecation, ambulation, or exploratory activity in novel situations (DeNelsky and Denenberg 1967; Levine et al. 1967) , by eating measures in the hyponeophagia test (Ferr¢~ et al. 1995) and by the ability to cope with aversive conflicts (Escorihuela et al. 1994; Nfifiez et al. 1995) . Moreover, postnatal handling decreases corticosterone and adrenocorticotropin (ACTH) levels in response to a variety of stressors (Denenberg and Zarrow 1971; Levine et al. 1967) , also inducing faster returns to basal levels following the termination of a stress (Meaney et al. 1988 ) and increases of hippocampal glucocorticoid receptors . It has been hypothesized that postnatal handling could prevent the cognitive impairment and neuronal loss associated with aging, as a result of those alterations in the reactivity of the hypothalamo-pituitary-adrenal (HPA) axis (Meaney et al. 1988 ).
The main aim of the present study was to further investigate the long-term effects of environmental enrichment and/or postnatal handling treatments in two psychogenetically selected rat lines differing in emotional reactivity, as well as in learning and memory capabilities. Thus, the study was undertaken with the Roman high-and lowavoidance rat lines (RHA/Verh and RLA/Verh, respectively), which have been bred selectively for good (RHA/Verh) versus extremely poor (RLA/ Verh) shuttle box (two-way active) avoidance learning (Bignami 1965; Driscoll and B~ttig 1982) . The hyperemotional RLA/Verh rats compared with the hypoemotional RHA/Verh rats, present higher heart rates, plasma levels of corticosterone, ACTH, and prolactin, as well as higher defecation and freezing responses to mildly stressful situations (Gentsch et al. 1982; Fernhndez-Teruel et al. 1992 ; see Driscoll and Biittig 1982) . The Roman rat lines have also been proposed as a psychogenetic model for the study of working memory (Willig et al. 1991) , because several studies have shown that the RLA line performs more efficiently than the RHA line in an exploratory maze and in the Hebb-Williams test (Nil and B~ittig 1981) , as well as in tests of working memory, such as delayed reinforced alternation, object recognition, and radial maze (see Willig et al. 1992 ) and in tasks of lever-pressing for food reward (Zeier et al. 1978) .
Previous work conducted in our laboratory indicated that both postnatal handling and environmental enrichment decreased emotional reactivity and increased exploratory behavior in both lines at young and middle ages, although the degree of the obtained effects was dependent on the rat line (Fernfindez-Teruel et al. 1991 , 1992 . In the present study, young and old untreated RHA/ Verh and RLA/Verh rats, as well as 24-month-old postnatally handled and/or environmentally enriched rats from both lines, were tested in the Morris water maze. The purposes of the study were to determine (1) whether the Roman rat fines differed in a place-spatial learning task both at young and old ages, as expected from the abovementioned results; (2)whether the postnatal handling treatment, which has been shown to reduce both emotional reactivity and cognitive deficits associated with aging, as well as environmental enrichment, could improve spatial learning in aged RHA/Verh and RLA/Verh rats, and (3) whether the degree of the effeots obtained were dependent on the rat line.
Materials and Methods

ANIMALS
A total of 32 RHA/Verh and 40 RLA/Verh male rats were used. They were maintained with free access to food and water in a temperature-and light-controlled room (22-2°C, 12-hr fight cycle starting at 8:30 a.m.). The animals were kindly supplied by Dr. Peter Driscoll (ETH-Zentrum, Animal Sciences Institute, Zurich, Switzerland). The 24-month-old subjects used in this study had been tested previously for emotional reactivity and exploratory behavior in the hexagonal tunnel maze at 30 days of age (Fern/tndez-Teruel et al. 1991) and, in the open field and hole-board tests at 8 and 9 months of age, respectively (Fern~ndez-Teruel et al. 1992 ).
TREATMENTS AND EXPERIMENTAL GROUPS
Animals receiving postnatal handling were placed individually in plastic cages twice daily (morning and evening) for 10 min from postnatal days 1 to 21, as described previously (Fern/mdezTeruel et al. 1991) . Unhandled animals were left undisturbed. For a total period of 6 months, 6-week-old animals receiving environmental enrichment were placed in groups of 10-12 in cages (lOOX43X 50 cm) containing several objects and "playthings," which were changed every 2 days. Similarly, the internal configuration of the cages was changed every 2 days, creating different spaces with several types of stairs, ropes, tunnels, and so forth. Unenriched animals were housed in pairs in standard macrolon cages.
The subjects were tested for place spatial learning at the age of 24 months, with the experimental groups being the following: RHA/C and RI~/C, aged rats of both lines receiving no treatment; RHA/H and RLA/H, animals that were postnatally handled; RHA/E and RLA/E, enriched animals; RHA/HE and RLA/HE, animals receiving both postnatal handling and environmental enrichment. Two additional groups of 5-month-old rats from both lines coming from different cohorts were also tested as young control groups (RHA/Y and RLA/ Y). There were animals from three to four different litters in each experimental group. (Table 1 shows the number of animals in each group.)
WATER MAZE PROCEDURE
Testing was performed over 9 days. Acquisition (days 1-5) and reversal (days 6-9) consisted of five and four, respectively, 4-trial sessions spaced 24 hr apart. In each trial, rats were placed at one of the starting locations [north, south, east, west (N, S, E, W), including permutations of the four starting points per session] of a swimming pool ( 140 cm diam., 30 cm deep) filled with water (24°C) made opaque with milk. The animals were allowed to swim until they located a platform (diam. 16 cm; height 28 cm) submerged in a fixed position (a SE quadrant in acquisition and a NW quadrant in reversal). Rats failing to find the platform within 120 sec, were placed on it for 30 sec (the same period of time as the successful animals). Several room cues were constantly visible from the pool. At the end of every daily session the rats were allowed to dry for 10 min in a heated enclosure and returned to their home cage. Escape latencies, path lengths, and swimming speed from each rat and trial were provided by a tracking system (Smart, Letica Instruments) connected to a video camera placed above the pool. Two probe tests consisting of removing the platform immediately after the last trial of acquisition (probe 1, day 5) and the last trial of reversal (probe 2, day 9) were performed. All rats were released from the N and E starting points in probe tests 1 and 2, respectively, and the time spent in each quadrant for a period of 60 sec was recorded by the video-tracking system.
STATISTICS
A mean path-length score was obtained for each animal and session as the average of each of four consecutive trials, so that each rat has five values for acquisition (session 1-5) and four values for reversal (session 6-9). These path-length scores were square-root-transformed (to normalize data), before applying the analysis of variance with repeated measures (MANOVA). Swimming speed, averaged over the five sessions of acquisition and over the four sessions of reversal, was analyzed by ANOVA. Two analyses were performed: The first one included RHA/C, RHA/Y, RLA/C, and RLA/Y groups for investigation of the differences between lines and between young and aged rats (MANOVA factors, line x ageX session; ANOVA factors, line x age). In the second analysis, C, H, E, and HE groups of both lines were included, to evaluate the effects of the treatments and their interactions in aged rats (MANOVA factors, line x handling x enrichment x session; ANOVA factors, line x handling× enrichment). Posthoc comparisons between groups were performed by Duncan's multiple range tests.
The time spent in each of the four quadrants, expressed as a percentage of the duration of the probe triM, was analyzed by three-way (factors, line × age x quadrant) or four-way (line x handling x enrichment x quadrant) ANOVAs. For each group, comparisons between the time spent in each quadrant were performed by Duncan's tests.
Results
SWIMMING SPEED
Swimming speeds are presented in In aged rats, the three-way ANOVA (line× handling xenrichment) showed that enrichment treatment enhanced speed in acquisition (enrichment effect, F(1,59)= 6.44, P<0.05) and reversal [F(1,59) = 11.5, P<0.001 ], mainly in the RLA/Verh line [enrichment x line interaction, F(1,59) = 4.2, P<0.05]. Postnatal handling did not affect swimming speed.
LINE AND AGE EFFECTS
Because the escape latencies could be contaminated by basal levels in swimming speed, path lengths from acquisition and reversal were used as the main measures of place spatial learning (Fig.  1A,B) . The MANOVAs (agexlineXsession)with repeated measures (acquisition, sessions 1-5; reversal, sessions 6 -9 ) indicated that path lengths performed by RLA/Verh rats were shorter than those from RHA/Verh rats both in acquisition and reversal [line effects, F(1,22)= 12.8, P<0.01, and F( 1,22 ) = 13.8, P < 0.001, respectively ], indicating that RLA/Verh animals found the platform through more efficient paths. These analyses also revealed that young animals learned faster than aged animals, as overall significant age effects [acquisition, F(1,22)= 11.24, P<0.01; reversal, F(1,22)= 7.36, P<0.05 ], and a significant "age x session" interaction [acquisition, F(4,88)=2.50, P<0.05] were also found.
In probe tests 1-2 (in the absence of the platform), there were significant quadrant effects [three-way ANOVA, F(3,101)=36,82, P=0.000, and F(3,101)=48,51, P=0.000, respectively]. RIA/Verh rats spent more time in the training quadrant (SE and NW quadrants in probe tests 1 and 2, respectively) than RHA/Verh rats [line x quadrant interactions: F(3,101 ) = 4.80, P<0.01, and F(3,101)=8.43, P<0.001, in probe tests 1 and 2, respectively]. A significant "age X quadrant" interaction, [F(3,101) = 2.74, P<0.05], appeared in the analysis of probe test 1, thus indicating that aged rats spent less time in the training quadrant than young rats. RHA/Y, RLA/Y, and RLA/C groups spent more time in the training quadrant than in all of the other quadrants, both during probe test 1 and 2 (P<0.05 Duncan's test; Fig. 2 ), whereas the RHA/C group did not significantly discriminate the training quadrant from the other three.
HANDLING AND ENRICHMENT EFFECTS IN 24-MONTH-OLD RATS
MANOVA with repeated measures (acquisition, sessions 1-5, reversal, sessions 6 -9 ) and factors "line x handling x enrichment" indicated that both handling and enrichment decreased path lengths over acquisition [handling effect, F(1,59) = 4.45, P<0.05; enrichment effect, F(1,59)=17.04, P<0.001], the latter treatment being almost significant across sessions [enrichment × session interaction, F(4,208) = 2.39, P=0.052]. As in the previous analyses, the two lines showed different performance in acquisition, as both a significant line effect [F(1,59) = 23.05, P<0.001 ] and a "line x session" interaction [F(4,208) = 63.5, P<0.0001 ] were found, indicating that RLA/Verh rats reached the asymptotic level of efficient swimming earlier. Enriched and young control RHA/Verh animals already reached the asymptotic level of 360-460 cm by session 3, whereas the respective aged control group never attained that performance level. In contrast, aged and handled RLA/Verh rats reached the asymptotic level of 300 cm by session 4, whereas young controls and animals receiving both treatments (postnatally handled plus enriched group) attained that level by session 2 and still improved their performance over training, achieving path lengths of 100 and 240 cm, respectively, by the end of the acquisition training (session 5, Fig. 1 ).
Concerning the reversal sessions, the MANOVA with repeated measures (days 6 -9 ) also showed that environmental enrichment decreased improval in environmental treatment of the RHA/ Verh line. Overall significant quadrant effects [probe 1, F(3,237) = 85.71, P<0.0001, probe 2, F(3,327) = 69.80, P<0.0001 ] and significant "line x quadrant" interactions [probe 1, F(3,237) = 3.057, P<0.05; probe 2, F(3,237) = 13.86, P<0.001] appeared in the ANOVA analyses (factors, linexhandlingx enrichment×quadrant), whereas these analyses did not show handling or enrichment overall effects on the time spent in each of the four quadrants. Figure 2 shows that all the RLA/Verh groups spent more time in the training quadrant than in the rest of the pool, both during probe test 1 and 2 (P<0.05 between training and the remaining quadrants; Duncan's test). With respect to the RHA/Verh line, young and aged animals that had been given early treatments were able to discriminate between training and some of the other quadrants in probe test 1 (P<0.05, Duncan's test), whereas aged RHA/Verh controls did not discriminate between the four quadrants. In probe test 2, only two of the four aged RHA/Verh groups, that is, RHA/H and RHA/E animals, discriminated between training and opposite quadrants.
Discussion
This study reports three main findings: ( 1 ) RLA/Verh rats are better learners in the Morris water maze than are RHA/Verh animals, with this difference persisting into senescence; (2) RHA/Verh rats; (3) environmental enrichment during adolescence and early adulthood prevents later age-associated learning deficits in both Roman rat lines. The superiority of both young and old Roman low-avoidance rats (as compared with their respective RHA/Verh counterparts) in the Morris water maze is in keeping with other studies showing that RLA rats perform better than RHA rats in the Hebb-Williams test (except for problem 12; Nil and Biittig 1981) , in the DRL-20 acquisition task for food reward (Zeier et al. 1978) , and in three tests of working memory (spontaneous alternation, radial maze, and object recognition; Nil and Biittig 1981; Willig et al. 1992 ). Thus, RLA rats appear to be superior (genetically based) as compared with RHA rats in tasks where goal-directed behavior and efficient exploration are needed (Nil and Biittig 1981; Fern~_ndez-Teruel et al. 1993) . Moreover, the present results might be consistent with the described differences in infra-and intrapyramidal mossy fiber projection (IIP-MF) morphology between RHA/Verh and RLA/Verh rats (Lipp et al. 1989 ). Thus, negative correlations between IIP-MFs morphology and two-way avoidance learning have been reported in mice and rats (lApp et al. 1989) , whereas positive correlations between IIP-MFs and swimming navigation have been found in mice (lApp et al. 1989; Sch6pke et al. 1991) . Accordingly, because RIA/Verh rats have greater IIP-MF morphology and perform better in the water maze than RHA/Verh rats do, the present findings seem to be in agreement with previous studies dealing with relationships between hippocampal mossy fiber morphology and spatial learning ability.
Neuroendocrinological studies have shown increased HPA axis reactivity in the RLA/Verh line compared with the RHA/Verh line, as indicated by higher stress-induced ACTH and corticosterone release (Gentsch et al. 1982; Castanon et al. 1994) , pituitary sensitivity to corticotropin-releasing factor (CRF) (Walker et al. 1989) , and higher CRF and vasopressin (VP) mRNA levels in the paraventricular nucleus (Aubry et al. 1994) . By analogy, it has been reported that stress-induced glucocorticold hypersecretion leads to an increased hippocampal neuronal loss and, subsequently, to impor-
tant spatial learning deficits in Long-Evans hooded rats (Issa et al. 1990 ). The superior performance of the hyperemotional RI&/Verh line observed here in the Morris water maze does not seem to be consistent with such findings. In contrast, it appears to be in keeping with a study from Yau et al. (1994) performed in Wistar rats (the parental strain of the Roman lines) indicating that aged poor spatial learning performers did not show alterations in neuroendocrine parameters when compared with unimpaired rats. Meaney et al. (1988) and Sapolsky (1992) have demonstrated that postnatal handling treatment enduringly modifies HPA axis functioning by diminishing stress-induced glucocorticoid release and increasing hippocampal glucocorticoid receptors. These investigators have suggested that those neuroendocrine H effects could be responsible for the prevention of hippocampal neuronal loss and spatial learning deficits associated with aging (Meaney et al. 1988; Sapolsky et al. 1992 ). Previous behavioral studies performed in our laboratory with Roman rat lines showed that postnatal handling decreased emotional behavior in novel situations both in young and middle-aged rats (Fernfindez-Teruel et al. 1991 , 1992 and moderately improved two-way active avoidance acquisition in RI~/Verh rats . However, in this study, the long-term effects of postnatal handling were found mainly in RHA/ Verh rats, probably because the deficits shown by RHA/C rats were greater than those shown by RLA/C rats. Thus, although RHA/H rats apparently performed in some erratic way during acquisition, they discriminated perfectly the training quadrant in the two probe tests and they showed short path lengths during the reversal phase. In contrast, there were no statistical differences between the time spent in the four quadrants in old RHA controls during probe tests, and their path lengths during acquisition and reversal were longer than those of the young RHA controls. In the RLA/Verh line, the differences between young and old controis appeared mainly in acquisition (sessions 1-5). Because RI~/C rats spent almost 50% of their time in the training quadrant during probe tests 1 and 2, and as there were no significant differences between the RLA groups in the reversal phase, a possible floor effect in RLA/Verh rats cannot be ruled out at present. On the whole, the better performance of aged RLA controls as compared with aged RHA controls, as well as the greater effect of handling in the RHA line, is difficult to explain solely on the basis of differential HPA axis functioning (or reactivity to stress) between both rat lines. Altogether, a detailed analysis of neurohormonal measures in RI~/Verh and RHA/Verh rats receiving early treatment seems mandatory to understand changes related to learning and senescence.
The main finding of the present experiment was, however, the far-reaching improvement of place-spatial learning produced by environmental enrichment. Enriched animals (both enriched and handling plus enriched groups in each line) performed as efficiently as the young controls. They reached asymptotic swimming levels at a point similar to young animals. Previous reports have indicated that early exposure to an enriched environment resulted in better spatial performance when testing was carried out either immediately after treatment in animals of 3-4 months of age (Paylor et al. 1992) or some months later (Liljequist et al. 1993) . These findings are in contrast with those showed by Van Gool et al. (1985) , indicating no positive enrichment effects, either in young nor in old brown Norway rats, when tested in an 8-arm radial maze. Nevertheless, the fact that enviornmental enrichment lasted 7-8 weeks and was administered at the ages of -5 -6 and 28-31 months (in young and old rats, respectively) could account for those discrepancies. On the other hand, positive effects of an early enriched environment have also been reported in a Hebb-Williams test administered 2 months after treatment (Venable et al. 1988 ) and after a delay of 10 months (Denenberg et al. 1968) . Moreover, in the Roman rat lines, previous work showed that enrichment increased exploration and reduced emotionality 3 months after treatment (Fern~ndez-Teruel et al. 1992) . Thus, in addition to reporting long-term actions in the Roman lines, the present results strongly suggest that environmental enrichment probably promotes enduring neural modifications that can prevent age-related spatial learning deficits, although the mechanisms of these effects remain unclear (see Renner and Rosenzweig 1987; Greenough et al. 1990; Paylor et al. 1992; Olsson et al. 1994) .
There are some aspects of the enrichment treatment that merit consideration. Because one of the principal aims of the study was to investigate the long-term effects of environmental enrichment at old age, the animals were exposed to the enrichment cages for a period of 6 months. Appar-
ently there was no habituation because the latency shown by the subjects in their interaction with changing objects and playthings decreased as the treatment progressed. They took about half an hour to approach the new objects at first, but interacted immediately and very actively during the last 2 months of enriched housing. The environmental changes (every 2 or 3 days) were made with rectangular pieces of steel for dividing temporarily the total space of the cage into two floors or into two compartments connected by an opening: by placing tunnels, stairs, ramps, and strings in a way that the animals could move and explore through different paths; by changing or even hiding the food container; and by moving toys of different shapes and materials that were left on the floor or hung from the walls or the roof.
Finally, it seems difficult to explain the overall better spatial performance shown by RZA rats and the improvements induced by the early treatments solely on the basis of emotional or motivational differences: Although the higher emotionality of RLA rats could have induced a more efficient escape from the pool, the two treatments enhanced maze performance despite their well-established and long-lasting action of decreasing emotionality in the Roman lines and other strains as well (Levine et al. 1967; Renner and Rosenzweig 1987; Meany et al. 1988; Fernfindez-Teruel et al. 1991 , 1992 . Accordingly, we conclude that this is the first report demonstrating permanent preventive effects of environmental enrichment on age-related spatial learning deficits in two rat lines that differ both in their basal emotionality levels and in their spatial learning ability. 
